Abstract A transmission electron microscope (TEM) study of Paleoproterozoic zircon that has experienced ultra-high temperature (UHT) metamorphism at ca. 570 Ma in the Kerala Khondalite Belt (KKB), southern India, documents the occurrence of metallic Pb nanospheres. These results permit comparison with a previous report from UHT zircon in Enderby Land, Antarctica, and allow further constraints to be placed on possible mechanisms for nanosphere formation. As in Enderby Land, the nanospheres in the KKB occur in non-metamict zircon, emphasising that radiogenic Pb redistribution can occur with only partial interconnectivity of radiation damaged zircon. In contrast, the nanospheres reported here are not closely associated with Si-rich glass inclusions, which is inconsistent with a silicate liquid-metal immiscibility model proposed in the earlier study. Formation of these Pb nanospheres effectively halts Pb-loss from zircon, even under extreme conditions, and can adversely affect geochronological interpretations due to decoupling of Pb from U.
Introduction
Zircon (ZrSiO 4 ) is arguably the most widely used and reliable geochronometer currently available. During crystallization, highly incompatible Pb is excluded from the zircon crystal structure, while U and Th are readily incorporated and their radioactive decay leads over time to an accumulation of purely radiogenic Pb that facilitates radiometric dating. While zircon is generally highly resistant to post-crystallization disturbance, even during medium-to high-grade metamorphism, radiogenic Pb hosted in regions damaged by α-recoil can become mobile and may be partially or completely lost from the crystal. Consequently, partial or complete resetting of the U-Th-Pb geochronometer can occur. Although the processes of Pb-loss and resetting are reasonably well-understood, with data obtained from such disturbed zircon often still amenable to simple interpretation, zircon that has experienced ultra-high temperature (UHT) metamorphism has sometimes been reported to exhibit localised BPb gain^, notably when analysed at high spatial and volume resolution using, for example, secondary ion mass spectrometer (SIMS) methodology (Williams et al. 1984; Kelly and Harley 2005; Kusiak et al. 2013a, b; Whitehouse et al. 2014) . Manifested, during the course of an analysis, as unstable Pb emission relative to stable U, Th, and matrix peak emission, recent studies using high spatial resolution (ca. 2 μm) scanning ion imaging have revealed Pb-rich clots in UHT-affected zircon from Enderby Land in Eastern Antarctica (Kusiak et al. 2013a, b) , and in the Kerala Khondalite Belt (KKB, also referred to as the Trivandrum Block) in Southern India (Whitehouse et al. 2014) . These Editorial handling: L. Nasdala Pb-rich clots occur on a scale at least as small as the 2 μm primary ion beam utilised in these studies. In both cases, the development of these clots readily explains disturbed U-Pb geochronology, specifically: (i) excess analytical uncertainty in the 207 Pb/ 206 Pb ratio relative to that expected from counting statistics, (ii) 207 Pb/ 206 Pb ages that are older than the likely protolith age of the host rock, and (iii) common reverse discordance of analyses of such zircon due to the presence of unsupported radiogenic Pb . Applying a scanning ion tomography methodology, which combines scanning ion imaging with depth profiling, to the zircon grains from two KKB samples, the size of the Pb clots was estimated to be a few tens of nm, much smaller than the lateral resolution of the method (Whitehouse et al. 2014) .
The nanometer scale of the Pb-rich regions was confirmed by a transmission electron microscope (TEM) study of the zircon grains from Enderby Land, which further revealed that Pb is present as ca. 5-35 nm diameter metallic nanospheres (Kusiak et al. 2015) . In these zircon grains, the Pb nanospheres occur either as individual droplets or are associated with an amorphous silica-rich phase and an unidentified Ti-Al amorphous phase. Electron diffraction patterns of the host zircon revealed various degrees of radiation damage in its crystalline structure. No correlation between Pb distribution and degree of crystallinity nor significant plastic deformation was observed in the analysed grains (Kusiak et al. 2017) . Kusiak et al. (2015) proposed that during metamorphism of radiation damaged zircon, nanoscale islands of crystallinity act as nucleation sites for lattice recrystallisation, trapping radiogenic Pb in amorphous zircon domains. As the temperature increases, melting of these amorphous domains results in the localised concentration of Pb, with subsequent cooling accompanied by metal (Pb) -silicate immiscibility. Important consequences of this model are that (i) metamictisation is not a prerequisite for Pb nanosphere development and (ii), once formed, the combination of newly-crystallised zircon and a stable Pb phase effectively arrests the process of Pb-loss, potentially explaining the paradox of why zircon that has experienced the extreme conditions of UHT metamorphism has not been completely reset to its metamorphic age.
In the present study, TEM is used to investigate zircon grains from the KKB that exhibit Pb-rich clots. These results facilitate a comparison of zircon behaviour in two UHT terranes of different protolith ages, timing and temperature of metamorphism.
Geological setting, samples and previous study
The geological setting of the two KKB samples, which host the zircon grains investigated in this study, has been described in detail by Whitehouse et al. (2014) and is only briefly summarised here. The KKB is a Paleoproterozoic mobile belt in southern India that was extensively reworked in latest Neoproterozoic to early-Cambrian time, during the Pan African orogeny (Sreejith and Ravindra Kumar 2013; Whitehouse et al. 2014; Ravindra Kumar and Sreejith 2016; Harley and Nandakumar 2016) . Divided into a number of crustal blocks separated by major shears zones (Braun and Kriegsman 2003) , the samples studied here come from the central Ponmudi Unit, which is comprised locally of migmatised garnet-biotite and garnet-sillimanite gneisses, as well as high-K granites, the latter interpreted to have formed during arc accretion (Sreejith and Ravindra Kumar 2013) . Ravindra Kumar and Sreejith (2016) recently proposed a four-stage crustal evolution model for the KKB, with juvenile magmatism on an over-thickened oceanic-arc followed by multiple episodes of intra-crustal melting causing crustal differentiation. A prominent feature of the KKB is the development of what are termed Bincipient charnockites^, which consist of localised, often outcrop-scale, orthopyroxene-bearing granitic paragneiss patches (Ravindra Kumar et al. 1985) , thought to result from influx of CO 2 -rich fluids (Newton and Tsunogae 2014) .
Estimates vary on the peak temperature attained during metamorphism in the KKB, but most studies suggest that the entire block reached at least 900°C, the nominal UHT boundary (Harley 1998) . Similarly, the precise timing of this metamorphism is unclear, most methods returning ages in the range 580-510 Ma, although the most recent estimates for the UHT event are towards the older end of this range (Whitehouse et al. 2014; Blereau et al. 2016) . Incipient charnockite formation is generally considered as a relatively low temperature (<650°C) process (e.g. Harlov et al. 2006) . At some KKB localities, it appears to have occurred at close to peak UHT conditions and prior to melting (Blereau et al. 2016) , while elsewhere, including at the locality studied here, charnockite patches clearly cross-cut anatectic features in the host gneisses (Whitehouse et al. 2014) , consistent with a later overprint. Episodic Pb-loss in zircon rims has been used to propose a separate metamorphism, possibly related to the charnockitisation event, ca. 40-50 Ma after peak UHT conditions were attained (Whitehouse et al. 2014) . Regardless of the precise timing of events at specific localities, it is likely that Pan African metamorphism of the KKB was polyphase, consistent with the field observations.
The two zircon grains investigated here by TEM belong to samples derived from a locally charnockitised, high-K metagranite exposed in a quarry at Elavattom (8°40.606′ N, 77°01.620′ E), ca. 25 km northeast of the city of Thiruvananthapuram, Kerala. Sample IN8-6 represents the dominant metagranite and adjacent sample IN8-4 represents the locally developed, tens of centimetre scale (arrested or incipient) charnockite. Their morphology, rare earth element (REE), and U-Th-Pb characteristics have been extensively described by Whitehouse et al. (2014) . In both samples, cathodoluminescence (CL) imaging reveals polyphase zircon, with fine oscillatory-zoned cores, which have typically igneous REE profiles, overgrown by relatively homogeneous rims of variable thickness from a few to a few tens of micrometers. Secondary ion mass spectrometer (SIMS) U-Th-Pb analyses of the cores show an absence of non-radiogenic (common) Pb, with 206 Pb/ 204 Pb ratios in four of the five analysed spots shown in Fig. 1 in excess of 100,000, corresponding to <0.02% common Pb (the fifth analysis still <0.2%; see Table S1 of Whitehouse et al. 2014) . These analyses indicate a protolith age of ca. 1850 Ma, but the precision of this age is limited both by normal and reverse discordance and unusually large errors in 207 Pb/ 206 Pb ratios that are well in excess of counting statistics. The zircon rims in both samples are consistently depleted in middle-to heavy-REE, indicating that their initial crystallization was in equilibrium with garnet during a high-grade metamorphic event at ca. 570 Ma. The spread in age to ca. 510 Ma was attributed to Pb-loss during a separate charnockitisation event towards the younger age of this range (Whitehouse et al. 2014) . Scanning ion imaging of the zircon cores (Fig. 1) revealed the presence of Pb-rich clots, which, together with ion tomographic evidence for their tens of nanometer size (Whitehouse et al. 2014) , readily explains the unstable emission of Pb during the U-Th-Pb analyses and reverse discordance of some of the analyses.
Methodology
Two foils of zircon were prepared for TEM study applying the site-specific focused-ion-beam (FIB) technique that allows cutting of an electron-transparent foil from pre-selected areas of interest (Lee et al. 2003; Wirth 2009 ). The TEM foils are ca. 15-20 μm × 10-15 μm in size and a 100 nm thick. A glass fibre attached to a micro-manipulator was used to lift out foils from the excavation sites. Details of the technique are given in Wirth (2004) .
Analytical and energy-filtered high-resolution transmission electron microscope (ATEM, HRTEM) investigation utilised a FEI TecnaiTM G2 F20 X-Twin operating at 200 kV with a field emission gun (FEG) electron source. The TEM is equipped with a post-column Gatan imaging filter (GIF Tridiem). The HRTEM images presented are energy-filtered using a 10 eV window on the zero loss peak. The TEM analysis was performed with an EDAX X-ray analyser equipped with an ultra-thin window. The X-ray intensities were measured in scanning transmission mode (STEM) where the electron beam is serially scanned over a pre-selected area, minimizing mass loss during data acquisition.
Results
Transmission electron microscope investigation of foils taken from two oscillatory zoned core areas of the zircon grains previously investigated by scanning ion imaging (see Fig. 1 for location) reveals that these grains contain numerous nanoscale spherical inclusions, visible as bright and dark spots in the high-angle annular dark-field (HAADF) images from each foil (Fig. 2a, e) . Energy-dispersive X-ray (EDX) analysis of areas that include the bright inclusions yield prominent Pb peaks (Fig. 3a, d ), which are absent in analysis of inclusionfree parts of the zircon (Fig. 3b, e) . Although most of the bright spots, which range in size from 2 to 15 nm, are too small to permit detailed analysis, in several cases diffraction patterns could be obtained by Fast Fourier Transform (FFT) from high-resolution lattice fringe images. The observed angles between the diffraction planes (1-11) and (113) and between (113) and (022) are, respectively, 57°and 32°(e.g. Fig. 2f ). These angles, together with agreement between the observed (n = 17) and calculated d spacing, lead us to conclude that the diffraction pattern can only be indexed as cubic Pb (Table 1) . Due to a lack of detectable sulphur, cubic PbS can be excluded from the list of potential Pb species, and no Pb oxide or silicate phases are cubic, hence, these nanospheres must be composed of native Pb. High-resolution TEM (HRTEM) images of these Pb nanospheres (Fig. 2c, g) show that the surrounding zircon lattice is devoid of damage or metamictization. This observation is further confirmed by sharp zircon diffraction patterns (Fig. 2d, h) , which lack the smeared-out and/or scattered reflections and rings that are characteristic of radiation damaged zircon (cf. Fig. 3 in Kusiak et al. 2015) .
Energy-dispersive X-ray analysis of areas, that include the dark spots, shows that these have a higher Si/Zr ratio (Fig. 3c,  f) than the inclusion free-zircon (Fig. 3b, e) and are therefore likely to represent a Si-rich phase. In one case (Fig. 2e ) the inclusion appears to be more complex, with a less dark outer region that contains a trace amount of Fe (Fig. 3f) .
As a general observation, Si-rich phases are larger than the metallic Pb nanospheres in both samples, but they are less common. Based on the available dataset all of the nanospheres are heterogeneously distributed and occur singly, never as composite inclusions.
Discussion
The detection of randomly distributed metallic Pb nanospheres in zircon from these two KKB samples shows that this phenomenon is not unique to Enderby Land, from where it was originally reported (Kusiak et al. 2015) , and that their presence may be a more common phenomenon in UHT terranes. In both cases, Si-rich glass inclusions are also found, containing trace levels of Al and Ti in the Enderby Land example and trace levels of Fe in the KKB. At the time of UHT metamorphism, the accumulated α doses of 1.5 × 10 18 and 2.5 × 10 18 α/g based on the spot U-Pb analyses of the two grains (Table S1 in Whitehouse et al. 2014 ) are similar to two of the three grains investigated from Enderby Land. This observation strengthens the conclusion of Kusiak et al. (2015) that metamictization of zircon is not a prerequisite for Pb nanosphere formation. These doses bracket the value of 2.4 × 10 18 α/g (Pidgeon 2014, revised after Murakami et al. 1991 and Salje et al. 1999) , which defines the so-called Bfirst percolation point^where amorphous domains in zircon begin to form an interconnected network. These values should not, however, be considered as precise because the concentration determined by SIMS is subject to several tens of percent uncertainty based on heterogeneity in the reference zircon. Furthermore, fine-scale oscillatory zoning, visible in CL on a scale smaller than the ca. 20 μm analysed spot from which the concentration was determined, reflects variations in the U References (this study) Lide (1983 Lide ( -1984 Garnier et al. content, a CL quenching element (Hanchar and Rudnick 1995) . On this scale of zoning, it seems likely that darker CL, more U-rich zones may overstep the first percolation point boundary while CL-lighter, more U-depleted zones remain below it. Despite these similarities, there are also significant differences between both occurrences, which may provide further clues to the process of metallic nanosphere formation under UHT conditions. The Pb nanospheres are generally smaller and of lower abundance in the KKB zircons and in all observed cases, occur independently of the Si-rich glass inclusions, while in the Enderby Land example, most of the Pb nanospheres occur themselves as inclusions in the Si-rich glass. Additionally, in the KKB example, the zircon surrounding the nanospheres is highly crystalline, whereas in the Enderby Land example the nanospheres occur only in regions of lower crystallinity (Kusiak et al. 2015) .
The observation of lower crystallinity zircon in the vicinity of the Si-rich and Pb nanospheres led Kusiak et al. (2015) to postulate a model (see their Figure 4 ) involving initial accumulation of radiogenic Pb in structurally damaged regions of the zircon crystal. Under UHT conditions, these regions then melted to yield immiscible Si-rich and Pb phases, which separated on cooling by liquid-metal immiscibility. Annealing and recovery of the zircon structure resulted in a mosaic of crystalline Bislands^ (Nasdala et al. 2004 ) with slightly different lattice orientations. Such a mosaic texture will be manifested by elliptical distortion of the diffraction spots (as described in detail by Anderson et al. 2008) . However, the diffraction patterns from both KKB zircon grains ( Fig. 2d and h) show very sharp diffraction spots with no signs of rings with diffuse intensity. The model developed by Kusiak et al. (2015) was based on the observation of mosaic textures in the analysed grains that had sufficiently high U + Th content to have become metamict at the time of metamorphism (of which one grain was presented as an example in Kusiak et al. 2015) . The other two grains examined by Kusiak et al. (2015) were, like the KKB examples described here, close to the first percolation point where there would have been some, but not full, connectivity of radiation damaged domains. The development of Pb nanospheres in such a relatively little-damaged zircon therefore suggests that the process might be controlled by smaller-scale, localised variations of radiation damage; for example in the more U (+Th)-rich zones. Furthermore, the apparent decoupling of the Pb nanospheres and Si-rich melt, together with the observation of fully crystalline zircon in the KKB example, precludes a direct analogue with the process described by Kusiak et al. (2015) .
Subtle differences exist between Enderby Land and the KKB in both the nature of the UHT metamorphism and the prevailing state of the zircon. In Enderby Land, the UHT event reached 1100°C, whereas in the KKB, the peak temperature likely just exceeded the UHT boundary of ca. 900°C. Additionally, in the KKB, the UHT event was followed by incipient charnockitisation, possibly during a separate event ca. 40-50 Ma after peak UHT conditions were attained (Whitehouse et al. 2014) . Regardless of the precise post-UHT P-T evolution, specifically whether temperatures remained relatively high, reheating occurred, or both, a prolonged period with temperatures above~500°C would have resulted in more complete annealing of the zircon, which might in part explain the higher level of crystallinity observed in the KKB zircon compared to Enderby Land. It should be stressed, however, that the charnockitisation is a secondary process overprinting the rocks after UHT conditions and it likely played no role in the primary formation of the Pb nanospheres.
Investigations of the location of Pb in zircon on the atomic scale using atom probe tomography (APT) have been reported by several groups (Valley et al. 2014 (Valley et al. , 2015 Peterman et al. 2016; Piazolo et al. 2016) . All of these studies documented clustering of Pb atoms in zircon but not the formation of metallic Pb spheres similar to those observed in UHT zircon by TEM (this study; Kusiak et al. 2015 Kusiak et al. , 2017 . While various mechanisms for Pb mobilization have been proposed in these APT studies, all require an increase of temperature to trigger Pb movement, though not necessarily to UHT conditions. While these studies are of considerable interest in understanding the mechanism of radiogenic Pb mobility in zircon, and likely represent typical behaviour under less extreme metamorphic conditions, we reiterate the observation made by Kusiak et al. (2015) that the concentration of Pb in the nanoscale clusters revealed by APT are typically comprised of a few thousands of atoms compared to in excess of 100,000 atoms in a 20 nm metallic Pb nanosphere. Taken together with their observed homogeneity, the APTrevealed Pb clusters will not affect the high spatial/volume resolution, U-Pb geochronology analysis undertaken by e.g. SIMS in the same way as seen for the metallic Pb nanospheres.
Conclusions
A TEM study of Palaeoproterozoic zircon from the Kerala Khondalite Belt, southern India that experienced UHT metamorphism at ca. 570 Ma, has revealed a second occurrence of metallic Pb nanospheres alongside that reported previously from Enderby Land, Antarctica. Since UHT metamorphism is common to both regions and, given the fact that such nanospheres have only been reported so far in zircons from areas that have experienced this extreme metamorphic grade, the mechanism to generate them appears to be related to these conditions. There are subtle differences in the mode of occurrence of the nanospheres between the two examples, those in the KKB zircons occurring separately from Si-rich melt and surrounded by fully crystalline zircon. While the latter can potentially be explained by later reheating in the KKB, which occurred during localised charnockitization shortly after the UHT event, the separate occurrence of metallic Pb nanospheres and Si-rich melt rules out operation of a liquid immiscibility mechanism that has been proposed for Enderby land. Regardless of how these Pb nanospheres formed, their presence clearly prevents the loss of radiogenic Pb from the zircon crystal and, hence, complete resetting to the age of UHT metamorphism.
